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The design of quantum experiments can be challenging for humans. This can be attributed at
least in part to counterintuitive quantum phenomena such as superposition or entanglement. In
experimental quantum optics, computational and artificial intelligence methods have therefore been
introduced to solve the inverse-design problem, which aims to discover tailored quantum experiments
with particular desired functionalities. While some computer-designed experiments have been suc-
cessfully demonstrated in laboratories, these algorithms generally are slow, require a large amount
of data or work for specific platforms that are difficult to generalize. Here we present THESEUS, an
efficient algorithm for the design of quantum experiments, which we use to solve several open ques-
tions in experimental quantum optics. The algorithm’ core is a physics-inspired, graph-theoretical
representation of quantum states, which makes it significantly faster than previous comparable
approaches. The gain in speed allows for topological optimization, leading to a reduction of the
experiment to its conceptual core. Human scientists can therefore interpret, understand and gener-
alize the solutions without performing any further calculations. We demonstrate THESEUS on the
challenging tasks of generating and transforming high-dimensional, multi-photonic quantum states.
The final solutions are within reach of modern experimental laboratories, promising direct advances
for empirical studies of fundamental questions, as well as technical applications such as quantum
communication and photonic quantum information processing. In each case, the computer-designed
experiment can be interpreted and conceptually understood. We argue that therefore, our algorithm
contributes directly to the central aims of science.
Introduction – Photons, the quantum particles of
light, are at the core of many quantum technologies
that promise advances for imaging applications [1], ef-
ficient metrological schemes [2], fundamentally secure
communication protocols [3] as well as simulation [4]
and computation techniques [5–7] that are beyond the
capabilities of their classical counterparts. Besides,
photons are also among the core players in the exper-
imental investigation of fundamental questions about
the local and realistic nature of our universe.
Motivated by these opportunities, recent years have
seen dramatic advances in quantum optical technol-
ogy, which include highly complex operations in in-
tegrated photonic chips [8–12], generation of complex
multiphotonic entanglement and its application [13–
15], and the development and application of high-
quality deterministic single-photon emitters [16] and
highly efficient photon-number resolving detectors
[17].
To advance technological and fundamental progress
further and to enable the exploration of numerous
proposed ideas in the laboratories, new experimen-
tal concepts and ideas are instrumental. Frequently,
however, the design of experimental setups even for
well-defined targets is challenging for the intuitions of
∗ mario.krenn@utoronto.ca
† alan@aspuru.com
human experts, and existing systematic schemes (e.g.
[18–20]) to date only provide solutions for specific ex-
perimental scenarios. For that reason, computational
design methods for quantum optical experiments have
been introduced [21], in the form of topological search
augmented with machine learning [22, 23], genetic al-
gorithms [24–26], active learning approaches [27], deep
recurrent neural networks [28], and optimization of
parametrized setups [29]. Unfortunately, due to the
complexity and size of the Hilbert space as well as
the breadth of quantum optical applications, those al-
gorithms may have severe drawbacks, such as ineffi-
cient discovery rates, requirements of a huge amount
of training data or specialization on narrow sets of
problems. Most importantly, no method so far has
shown how to systematically extract scientific ideas,
concepts and understanding from the solutions of the
computer algorithm.
Here we demonstrate THESEUS, an inverse-design
algorithm for quantum optics based on a physics-
inspired representation in the form of weighted graphs.
THESEUS is generally applicable to discrete-variable
quantum optics problems (including post-selected and
non-postselected states, probabilistic and determinis-
tic photon sources), does not need training data, and
is orders of magnitude faster than previous compara-
ble approaches. The speed-up allows for the applica-
tion of topological optimization, which uncovers the
conceptual cores underlying the solution. Physicists
can then interpret, understand and generalize those
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Conditioning on one photon in each path: 
Figure 1. A weighted edge-coloured graph as an abstract
and efficient representation of the quantum information of
a large variety of quantum optics experiments. A: As a
specific example, we show a graph with four vertices and
four coloured and weighted edges. The vertices a− d cor-
respond to photonic paths, the edges correspond to corre-
lated photon pairs, the edge colours stand for mode num-
bers, and weights ω ∈ C stand for complex coefficients.
Probabilistic sources create the photon pairs (edges). Thus
the entire information about the quantum state is repre-
sented by Φ(ω), with x†k being a creation operator of a pho-
ton in path x with mode number k. The information car-
ried in the graph can be translated to different schemes of
quantum optical experiments, such as (B) Entanglement
by Path Identity, (C) standard bulk optics, for example
with polarisation as the carrier of quantum information,
or (D) path encodings. The results of the quantum ex-
periments can directly be calculated from the information
of the graph. For example, a prominent technique is to
condition the state on obtaining a click in each of the four
detectors (post-selection). The equivalent formulation in
terms of graphs is the sum of all subsets of edges that
contain every vertex exactly once. It reduces the example
quantum state to two terms. If all weights are equal, the
resulting quantum state is a four-qubit GHZ state. Access
to Φ(ω) allows for the optimisation of non-postselected,
heralded and triggered quantum states too, as we show in
examples within the manuscript.
instances. We demonstrate THESEUS on several ques-
tions about experiments that previously had no (fea-
sible) solution. Concretely, we investigate complex
multiphotonic entanglement, the generation of her-
alded entanglement and complex photonic quantum
transformations. In all of these cases, we uncover pre-
viously unknown generalizable patterns and new ex-
perimental ideas and interpretations.
Graph Theory–Quantum Experiment Map-
ping – We utilize and expand a recent connection that
shows how coloured graphs can represent the essential
information of quantum optical experiments involv-
ing probabilistic photon-pair sources [30] and linear
optical components [31]. The key idea (explained in
Fig.1) is that a weighted coloured graph encodes the
entire information produced by a photonic quantum
experiment. The vertices correspond to spatial pho-
ton paths and edges between vertex v1 and v2 stand
for probabilistic photon pairs in path v1 and v2. The
edge colour represents the internal mode number of
the photons and edge weights ω stand for amplitudes.
The extension we present here gives access to the
complete information of quantum optical experiments
through a weight function Φ(ω) (rather than only
post-selected states, as in [30–32]), and allows us to
generalize the scope of the method significantly. It
allows for the description of non-postselected states,
triggered and heralded photonic states, states with
multiple excitations per mode (such as NOON states
[33]) and general quantum transformations. Further-
more, it enables the description of photon-number sen-
sitive and insensitive detectors (which correspond to
different projections of Φ(ω)) and deterministic pho-
ton sources such as quantum dots (see SI for details).
Furthermore, we present here that graphs can be di-
rectly translated to several different schemes of pho-
tonic quantum optics, such as standard bulk optics,
integrated photonics or entanglement by path identity
[34, 35]. A given graph can be translated in multi-
ple ways to quantum experimental setups, while each
setup corresponds to precisely one graph (more details
in SI). These extensions were neccessary to use the
graph-theoretical description as a tool for the inverse-
design of quantum experiments that are feasible in
state-of-the-art quantum photonics laboratories.
Graph-based inverse-design of Quantum Ex-
periments – The abstract and general representation
of quantum experiments as graphs allows us to find
a new method for inverse-designing quantum experi-
ments. The idea is to write an optimisation objective
function in terms of weights ω of the graph.
The most general quantum state corresponds to
a complete graph with all possible multi-coloured
weighted edges between each vertex (see Fig.2). As an
essential step, we need to construct the state fidelity
in terms of weights, F (ω). While the entire quantum
state Φ(ω) is directly defined from the edge weights,
conditioning measurements are commonly used to ob-
tain more intricate states and to overcome the lack of
single-photon nonlinearities. Prominent examples for
such measurements are conditioning on the simulta-
neous detection of one photon in each path (I), con-
ditioning on the detection of ancilla photons (II), or
combinations thereof.
As an example, we show the construction of
the fidelity for a 4-photon GHZ state |GHZ〉 =
1/
√
2(|0, 0, 0, 0〉 + |1, 1, 1, 1〉)a−d, where |0〉 and |1〉
stand for one photon in the internal mode 0 and 1
(such as horizontal or vertical polarisation), respec-
3remove edge, 
Fin. 
Figure 2. Algorithm – THESEUS: The initial graph contains all possible edges between each vertex, leading to
|G| = d2 n(n−1)
2
edges (with n vertices and d different edge colors), each of them having an independent complex weight
ωm1,m2v1,v2 . The main step is a minimization of the loss function, which contains the quantum fidelity in terms of weights
of the graph. Additionally, an L1 regularization term controls the magnitude of the weights. If the weights identified
by the optimisation, ωS , lead to fidelities larger than a Flimit, and the magnitude of the weights is smaller than ωlimit,
then one edge of the graph is removed, and the optimisation continues with the smaller graph. On the other hand, if the
criteria are not fulfilled, the same graph is optimised (with different starting conditions) until the discovery of a suitable
solution, or the number of iterations exceeds climit. The result of THESEUS is a weighted graph that leads to sufficiently
large fidelities, with a small number of edges. This topological optimisation enables the scientific interpretation and
understanding of results.
tively. The subscript a-d means one photon is in each
of the four paths a,b,c and d. Under the condition
of simultaneous detection (I), the term |0, 0, 0, 0〉 can
be generated by three different subgraphs: two blue
horizontal edges, vertical edges or crossed edges. The
weight of a subgraph is the product of all its edge
weights. The weight of the whole term is the sum of
all weights of the subgraphs. Therefore, the weight of
|0, 0, 0, 0〉 is
ω|0,0,0,0〉 = ω
0,0
a,bω
0,0
c,d + ω
0,0
a,cω
0,0
b,d + ω
0,0
a,dω
0,0
b,c (1)
In an equivalent way, the amplitude of |1, 1, 1, 1〉 can
be written in terms of ω. As a result, we have
F (ω) =
|ω|0,0,0,0〉 + ω|1,1,1,1〉|2
2 ·N(ω)2 (2)
where N(ω) is a normalisation constant of the state
emerging from the graph (more details in SI).
The weights of the graph are optimised by minimis-
ing a loss function constructed from the fidelity and
an additional L1 regularisation term
L(ω) = (1− F (ω)) + α · |ω|1 (3)
with positive real coefficient α < 1. Inclusion of
the L1 regularization term can drive the optimisation
towards a solution with smaller amplitudes, thereby
opening ways to further reduce the edges of the graph
by removing edges with small weights. For optimi-
sation, we use the Broyden-Fletcher-Goldfarb-Shanno
algorithm, an iterative quasi-Newton method to solve
non-linear optimisation problems. If we identify a so-
lution with F (ω) above a limit (we use Flimit = 0.95)
and small weights ω (we use ωlimit = 1), we found a
suitable experimental setup candidate. At this point,
as the loss minimization is fast, we can perform a
topological optimisation. We reduce the size of the
graph by iteratively removing individual edges. We
can choose the edge from a distribution that depends
on the magnitude of the weights of the previous so-
lution (with two special cases: choosing entirely ran-
domly, and always choosing the edge with the small-
est weight magnitude). The new, smaller graph will
be used to minimize the loss function in eq.(3). The
topological optimisation reduces the size of the graph
iteratively.
While topological optimisation is computationally
more intense than optimising for a set of weight pa-
rameters, it is essential for successful interpretations
and scientific understanding of the solution. As we
show in examples below, the topological optimisation
distills small structures such that human scientists
can interpret and understand the underlying physical
principles, and use the new knowledge to solve other
cases. In many instances, we used the initial insight
from the topological optimisation to find a straight-
forward generalization of the new concept to infinitely
large classes of situations. This is in stark contrast to
typical artificial intelligence applications in the nat-
ural sciences [36], where the solution of a parameter
optimisation is the final product, without the inten-
tion of discovering new scientific ideas (with few recent
exceptions that investigate toy-examples [37]).
Benchmarking – We compare the speed of
THESEUS with previous comparable approaches, using
classes of high-dimensional multipartite states called
Schmidt-Rank Vectors (SRV) as a benchmark [38]. In
particular, we aim to discover maximally entangled
three-party quantum states of up to ten local dimen-
sions. This task is well understood theoretically, thus
it represents a good benchmark. There are 81 unique
entangled structures that could be generated using lin-
4ear optics [32]. A pure topological circuit search using
50.000 CPU-hours has discovered 51 out of 81 differ-
ent states in the set [22]. A reinforcement learning
algorithm has identified 17 out of 81 different states,
with speed comparable to the topological search al-
gorithm [27]. THESEUS discovers 76 different states
within 2 hours, where the first 17 are identified within
two seconds, and the first 51 states in less than 15
minutes.
We turn to a second benchmarking task; the iden-
tification of high-dimensional CNOT gates. A recent
study has shown that the identification of the first
photonic high-dimensional controlled operation took
150.000 CPU-hours [39]. Our algorithm finds a so-
lution that is experimentally quantitatively simpler,
within 1 CPU-second. We come back to this example
in Fig.5.
Scientific Discovery and Understanding – The
improvement in speed shows that THESEUS is ready
to go beyond benchmarks, and be applied to the dis-
covery of new scientific targets and – more impor-
tantly – to the development of new scientific insights
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Figure 3. Finding a 3-dimensional 6-photonic GHZ
state. A: The complete graph of six vertices and three
colours is the initial state. Each pair of vertices is con-
nected by nine edges, which stand for all nine possibilities
(blue, red, green stands for modes 0,1,2, respectively). A
bi-coloured edge stands for a photon pair with different
mode numbers. For example, a blue-red edge between
vertex a and b stands for a photon pair with one photon
in path a with mode number 0, and one photon in b with
mode number 1, i.e. a†0b
†
1. In total, this corresponds to
135 edges. B: The solution for a 6-photonic 3-dimensional
GHZ state. While it has been shown that such a state
cannot be created with perfect fidelity [30] with linear op-
tics and probabilistic photon-pair sources (without addi-
tional photons), THESEUS found a solution where the fi-
delity scales with F ≈ 1−O(c4) with the overall counts C
scaling as C ≈ O(c2), which is experimentally feasible. A:
The concept of the solution can be interpreted in the con-
text of graph-theoretical results and can be immediately
generalized by human scientists.
and understanding. Scientific understanding is essen-
tial to the epistemic aims of science [40], but rarely
addressed in applications of artificial intelligence to
the natural sciences. In the philosophy science, prag-
matic criteria have been found for scientific under-
standing, in particular by de Regt’s award-winning
work [40, 41]. He describes that scientists can under-
stand a phenomenon if they can recognise qualitatively
characteristic consequences without performing exact
calculations. We connect this criterion to our dis-
coveries: We discover the first high-dimensional six-
photonic GHZ states, which have been conjectured to
be not constructible with linear optics. We can under-
stand the underlying concept and use it to construct
a simple method to generate high-dimensional GHZ
states with an arbitrary number of photons. Further-
more, we discover the first solutions of heralded three-
dimensional Bell states and understand the underlying
concept which we generalise to arbitrary-dimensional
Bell states – without additional calculations. Simi-
larly, we discover setups for heralded GHZ states that
need fewer resources than methods proposed in the
literature. We furthermore apply THESEUS on multi-
photonic transformations. We find a new way to inter-
pret and construct photonic qubit operations such as
CNOT or TOFFOLI gates. Similarly, we discover high-
dimensional CNOT operations that need quantitatively
less resources than methods proposed in the litera-
ture. Connecting to de Regt’s criterion, we see that
our algorithm has been the source of scientific under-
standing for multiple instances.
High-dimensional GHZ states – A d-dimensional n-
partite GHZ quantum state is written as
|ψ〉 = 1√
d
d−1∑
i=0
| i, i, i, . . .︸ ︷︷ ︸
n times
〉. (4)
These states are studied in the interplay between
quantum and local-realistic theories [42–45], and have
recently found potential applications in quantum com-
munication tasks [46].
Graph-theoretical arguments show that perfect
high-dimensional GHZ states can be generated only
for 4-photon states [30, 47], because terms in addition
to those in eq.(9) necessarily emerge. Using THESEUS,
we discover the first example that circumvents the no-
go theorem, see Fig.3. The algorithm identifies solu-
tions with fidelities arbitrarily close to one, by ad-
justing the edge weights in such a way that unwanted
terms have arbitrarily small weights (albeit at the ex-
pense of lower count rates). Upon interpreting this
solution, it can be immediately generalized to GHZ
states with higher dimensions and a larger number
of particles. The idea is to start with a cycle graph
and add (d − 2) perfect matchings (a perfect match-
ing is a set of edges that contain every vertex exactly
once), with all edge weights being equal. The weights
5Heralded 3-dimensional 
Bell state 
Heralded GHZ state A B 
Figure 4. Heralded entangled states. A: Solution
for a heralded 3-dimensionally entangled Bell state. So-
lutions for 2-dimensional Bell states have been reported,
their generalisation to higher dimensions is so far missing.
The solution can immediately be understood: The algo-
rithm connected each edge from an outgoing photon (in
path a and b) to one individual trigger photon (vertices c-
h), and connected the triggers with the same colour with
a low-weighted edge. This solution can immediately be
generalised to arbitrary high-dimensional Bell states. B:
Solution for a heralded GHZ state. It is closely related to
the concept discovered in (A), where each colored edge in
the output photons (in path a, b and c) is connected to an
individual trigger vertex. This solution however produces
one additional term, which is destructively interfered by
adding three extra edges (marked in yellow). The concept
can be clearly interpreted and generalised, see SI.
of all edges that occur in more than one subgraph are
multiplied with a constant c < 1, which controls the
fidelity. No further computations or optimisations are
necessary, demonstrating that we achieved scientific
understanding based on a computational optimisation
in the appropriate representation of the problem at
hand.
Heralded photonic entangled states – The next
targets we address are heralded entangled photonic
states. Standard sources of photonic entanglement
such as spontaneous parametric down-conversion or
spontaneous four-wave mixing, are entirely probabilis-
tic [9, 48]. That means photons are produced at ran-
dom times, and only after the detection of the pho-
ton state, one knows that they have been created.
The generation of heralded states would allow for
event-ready schemes, which are essential in photonic
quantum computation [49, 50] and quantum commu-
nication [51]. Experimentally, two-dimensional Bell
states have been generated using four ancilla photons
[52, 53]. Implementation ideas for higher-dimensional
generalizations of heralded Bell states [54] have been
missing so far. We target the identification of a her-
alded 3-dimensional Bell state, and within seconds, we
find a solution, see Fig.4A. The setup requires four
SPDC events simultaneously, which is well within to-
day’s experimental capabilities [55–57]. We identify
a remarkable structure: Each edge from the output
photons a and b is connected to an individual an-
cilla vertex, with additional edges between horizon-
tal vertices. This structure ensures that whenever the
heralding photons are detected, an approximate Bell
state is generated in a and b with fidelities arbitrarily
close to one. The structure can immediately be gener-
alized to arbitrary higher dimensions, demonstrating
once more computer-inspired scientific understanding.
Theoretical schemes for the production of multi-
photon entangled GHZ states have been proposed a
decade ago, but never experimentally implemented
due to their experimental requirements [58, 59]. Such
states, however, provide the resources for definite
demonstration of deterministic violations of local-
realistic worldviews [60]. We find an experimen-
tal configuration, which requires fewer resources and
which is within reach of experimental capabilities, see
Fig.4B. The discovered concept is strongly related to
the bipartite case, in the sense that it connects each
edge of the output modes a-c to an individual vertex.
In addition, it contains three edges that lead to the
destructive interference of one additional term in the
quantum state. We explain the details and general-
izations in the SI.
Photonic Controlled-Gates – Finally, we demon-
strate the usage of THESEUS to photonic quantum
transformations, which are essential elements for
photonic quantum simulation [4] and computation
schemes [17, 61–64]. To this end, we introduce two
new ideas. First, we need to simultaneously optimise
dtrafo = dC ·dT graphs, where dC and dT stand for the
dimension of the control and target photon, respec-
tively. Each graph stands for the transformation of
one |C, T 〉 setting. As all graphs represent one single
experimental setup, edges between the output modes
(a,b) and trigger modes (denoted by lowercase letters
c,d,e...) have to stay the same for all dtrafo graphs.
Second, virtual vertices Va and Vb stand for incoming
photons. Edges between a virtual vertex and a-d (in
all dtrafo graphs together) represent a unitary transfor-
mation of the incoming photon. The control (target)
photon has dC (dT ) internal modes represented by the
different colors of edges connected to the virtual ver-
tex Va (Vb). The new fidelity function is the average
of all dtrafo fidelities of all individual graphs. Each
individual graph can be interpreted as a state gener-
ation. Therefore, the entire state transformation can
be understood as dtrafo state generations, which are
strongly interdependent.
As a first example, we demonstrate a two-qubit
CNOT operation (dC = dT = 2). Here, experimen-
tal setups are well studied, both theoretically and ex-
perimentally [65–68]. We start the optimisation from
the most general four graphs possible, with the re-
strictions as described above (more details in SI). In
Fig.5, we show the resulting four graphs, which pro-
vide a CNOT operation. We find an understandable
underlying concept, which has not been discussed be-
6 0,0 →  0,0   0,1 →  0,1   1,0 →  1,1   1,1 →  1,0  
(-1) 
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c, d: trigger detectors 
input Va 
input Vb 
Subgraphs with conditions: 
- 3 edges  
- one edge from Va and Vb 
- one edge to c and d 
 
each constrained subgraph 
 → term in  𝝍   
Case 1 (two terms):  Case 2:  Case 2:  
+ + 
Case 1 (two terms):  
Figure 5. Qubit CNOT Transformation: Two input photons (denoted as Va and Vb) undergo a CNOT operation,
and output in path a and b, conditioned on the simultaneous detection of one photon in each of the trigger paths c
and d. This example goes beyond state generation and shows how the same framework allows identification of quantum
transformations. We introduce virtual vertices Va and Vb, which are interpreted as incoming photons. Edges between
a virtual vertex and vertices a-d (in all graphs together) represent unitary transformations of the incoming photon. For
example, if Vb=|0〉, the photon goes to path c, while for Vb=|1〉 it goes to path d. The CNOT consists of four individual
transformations (one for each of the inputs |0, 0〉,|0, 1〉,|1, 0〉,|1, 1〉). Each transformation stands for one graph and the
subgraph of vertices a-d has to stay constant for each transformation. The four graphs in the upper row are the solution
of an inverse-design for a two-qubit CNOT. The quantum state in the output of a,b (after conditioning on the trigger
detectors c,d) is governed by all subgraphs that fulfil the following conditions (see orange inset): Contains three edges
(two edges from incoming photons, and one ancillary photon pair);each of the virtual vertices Va and Vb is contained in
one edge (that symbolizes that one photon is entering the setup), and both c and d are contained in an edge (such that
the two triggers detect a photon in path c and d). The solution can be conveniently interpreted: No vertex can have two
incoming edges (as follows from the three conditions). Therefore, an edge involving Va or Vb block all edges at the other
vertex of the edge, which significantly simplifies the interpretation of the graphs. The resulting terms are written in the
lower row. From the solution, we discover an interesting concept: If Va=|0〉, the edge involving Vb chooses the outgoing
term by blocking the appropriate edge. However, if Va=|1〉, the double edge between a and b is active – as the weight
ω1,1V a,a = (−1), Vb chooses the term that will destructively interfere. The idea of having one virtual vertex choosing the
terms can be generalized to more complex multi-qubit transformations.
fore in the scientific literature. The idea is to prepare
the circuit in such a way that the vertex for the in-
coming target photon ”chooses” which state will be
generated. That is possible if the resulting subgraphs
for C = 0 appear also for the case C = 1, but with
a negative weight (see Case2 for C = 1 in Fig.5). In
the case C = 1, one can add two terms in the output,
and destructive interference will eliminate the wrong
term. Interestingly, exactly this concept has been the
core of one of the first photonic CNOT experiments
[67], which gives a new interpretation for a 16-year-
old experiment (see SI for details). The concept can
be immediately generalized to multi-qubit transfor-
mations.
We apply THESEUS to the discovery of high-
dimensional quantum transformations, which have
been discussed in the context of resource-efficient
quantum computation algorithms [69–71]. Only re-
cently, the first experimental proposals for multi-level
transformations have been discovered [39]. We specifi-
cally search for a system with dC = 2 and dT = 3. We
identify a solution that is experimentally much simpler
than previous methods [39]. It requires four ancillary
photons and two input/output photons (six photons in
total), which is within reach of current multi-photonic
and multi-level quantum experiments [14, 15, 72–74].
The solution can be understood as a combination of
the 2-dimensional CNOT in Fig.5, and the reduction
of weights as described in Fig. 3 (full details of the
setups in SI).
Conclusion – We presented the algorithm
THESEUS for the inverse-design of quantum optical
experiments, which is based on an abstract physics-
inspired representation. We use it to discover sev-
eral previously unknown experimental configurations
of quantum states and transformations in the chal-
lenging high-dimensional and multi-photonic regime.
Those experimental concepts are within reach of
modern photonic technology and could lead to fas-
cinating experimental investigations of fundamental
questions and technological advances. THESEUS can
immediately be applied to discover a multitude of
other targets in experimental quantum optics, such
as tools to enable silicon-photonics quantum compu-
tation [63], highly efficient, low-noise quantum entan-
glement sources [55], applications in quantum metrol-
ogy [2] or in quantum-enhanced microscopes and tele-
scopes [75, 76]
One of the main features is the possibility to extract
scientific understanding from the computer-inspired
designs. That was made possible by a topological op-
timisation that reduces the solutions to fundamental
7building blocks. Those minimal topologies allow for
the interpretation and generalizations of the discov-
ered solution, without performing additional calcula-
tions. This is in accord with criteria from the philoso-
phy of science that argue that scientific understanding
is connected with the skill to use concepts fruitfully,
without exact calculations. Hence, in a broader sense,
we argue that the ability of our algorithm goes beyond
simple optimisation, and enters the realm of provid-
ing scientific insights and allowing for scientific un-
derstanding. Thereby, it directly contributes to the
essential aim of science.
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I. BASIC ELEMENTS OF A GRAPH AS EXPERIMENTAL BUILDING BLOCKS
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FigS. 6. Graph to experiment translation for individual edges.
Designing quantum optical experiments using the abstract notation of graphs is possible because we found
translations of graphs into several different experimental schemes. Edges between vertices a and b are translated
to probabilistic photon sources, see FigS.6A-F. Edge colours correspond to mode numbers. Multi-edges corre-
spond to superposition or entanglement, and can be created with standard photonic technologies, for example,
cross-crystal sources [77, 78]. A deterministic single-photon source emitting in path b can be understood as an
edge between a vertex b and a virtual vertex Va, FigS.6G. For each term in the resulting quantum state, every
virtual vertices always need to have exactly one incoming edge. This is conceptually equivalent to the situation
of a probabilistic photon-pair source, where the whole state is conditioned on the detection of one photon using
a photon number sensitive detector in path Va.
Edges can be merged at one vertex in several different ways, see FigS.7. If the edges have the same colour
(FigS.7A), the corresponding photons have the same mode number. In that case, the edges can be merged
with probabilistic beam splitters (green squares, FigS.7B-D) or by creating them directly with path identified
photon-pair sources (for instance, SPDC crystals, FigS.7E).
If the edges have different colour (FigS.7F), the corresponding photons have different mode numbers. In
that case, the edges can be merged losslessly with mode-dependent beam splitters (so-called multiplexing or
de-multiplexing); white squares, for example, polarizing beam splitters if the degree of freedom is photonic
polarisation (FigS.7G-I). The edges could also be created by path identified photon-pair sources (for instance,
SPDC crystals, FigS.7J. Other probabilistic photon sources, such as lasers as probabilistic single-photon sources,
can be added by exploiting hypergraph structures [79].
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FigS. 7. Graph to experiment translation. BS: beam splitter, PBS: polarizing beam splitter, HWP: half-wave plate
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With the ability to create independent edges, and merge edges, all types of graphs can be translated to
experimental setups. Appropriate phase shifters can manipulate the phases of edge weights. Additionally,
amplitudes can be manipulated by pump power for SPDC crystals, splitting ratios that are set by half-wave
plates, or absorptive filters. Collinear photon pair sources, that produce two photons in the same path, can be
described with loops (an edge that connects a vertex to itself).
II. NORMALIZATION OF QUANTUM STATES
A B 
FigS. 8. A: A complete graph with four edges between each pair of vertices represents all possible correlations in a
locally 2-dimensional system. B: In the optimization for a post-selected GHZ, it is reduced to a cycle graph.
We show how the state of a complete 2-coloured graph with four vertices can be written using the weight
function Φ(ω) of the graph in FigS.8A. It can be represented in terms of creation operators as
Φ(ω) ≈
∑
n
1
n!
 ∑
x,y∈{a,b,c,d}
x<y
∑
c1,c2∈{0,1}
ωc1,c2x,y x
†
c1y
†
c2 + h.c.

n
. (5)
If we are conditioning the state on one photon in each detector, it reduces to
|ψ〉 = 1
N(ω)
∑
i,j,k,l∈{0,1}
ω|i,j,k,l〉|i, j, k, l〉 (6)
with the edge weights
ω|i,j,k,l〉 = ω
i,j
a,b · ωk,lc,d + ωi,ka,c · ωj,lb,d + ωi,la,d · ωj,kb,c (7)
and the normalization constant
N(ω) =
√ ∑
i,j,k,l∈{0,1}
|ω|i,j,k,l〉|2. (8)
The objective of the optimization is to find ωi,jx,y ∈ C that minimize the loss function, and subsequently finding
solutions with a large number of edge weights being zero. The information about higher-order contributions
to the state, which results in experimentally reduced quantum fidelities, is encoded within the weight function
Φ(ω). Therefore, higher-order contributions could be directly accounted for within the optimization procedure.
More details about the approximations in eq.(5) can be found in [80, 81].
III. HERALDED GHZ STATE
In FigS.9, we show the individual terms contributing to a heralded GHZ state. For the optimization, we
started with a complete graph with seven heralding detectors, whose simultaneous photon clicks lead to a GHZ
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FigS. 9. Heralded GHZ State.
state in the paths a,b,c. For that reason, the resulting solution is a 10-photon experiment. It is not necessary
to know the number of required ancillary detectors before the optimization. Instead, one could start with
even larger graphs. As a result, the topological optimization will reduce the number of unnecessary edges.
The topological optimization will reveal whether an unnecessarily large number of ancillary detectors has been
provided. In that case, a pair of vertices will be connected only to itself and not to other vertices in the graph.
This pair of vertices can then be safely removed from the final graph.
If all heralding detectors simultaneously detect a photon in state |0〉, then the output in paths a,b,c is in
the state |ψ〉 ≈ 1/√2 (|0, 0, 0〉+ |1, 1, 1〉). The saturation of the colours in FigS.9 reflects the magnitude of the
associated weights so that the weight of edges in light blue are significantly smaller (by a factor s 1) than the
edges in strong blue. The optimization resulted in small weights on the four edges between the triggers which
diminishes the probability to have those triggers active without having a valid GHZ state in a,b,c.
If we use the strategy that worked for arbitrary high-dimensional heralded Bell states, we have to connect
each edge from a,b,c to one individual vertex. The upper graph represents this case without the three yellow
marked edges. In that case, however, four terms are generated, which correspond to the four subgraphs in the
first row. They involve the two GHZ-terms, but also two other terms that do not correspond to the GHZ, which
significantly reduces the fidelity.
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FigS. 10. 2-dimensional CNOT gate, performed by Gasparoni et al.,[67].
The algorithm THESEUS finds an extension of the original idea to increase the fidelity. Keep in mind that
the coefficients of a specific term are the sum of all subgraph weights leading to that term, and the weight of a
subgraph is the product of all edge weights.
THESEUS adds three extra edges to the graph (marked in yellow), which have two independent effects: First,
it adds the edge a-g and the negatively weighted edge d-j in such a way that it can destructively interfere one
of the undesired terms. Second, it adds one additional edge between b-i, which leads to a second subgraph that
corresponds to |0, 0, 0〉 (first graph in the second row, within the green box). As the weights of |0, 0, 0〉 and
|1, 1, 1〉 need to be the same, two graphs corresponding to one term give the additional freedom that is necessary
to reduce the weight of the fourth term (last graph in the first line) to a small value. Thereby, the final fidelity
is close to one. In this example, to simplify explanations and understanding, we restrict ourselves to coefficients
of 1, 1/2 and 1/4. Access to other coefficients leads to fidelities arbitrarily close to one. The final state can be
written as
|ψ〉 = N ·

1
8
(|0, 0, 0〉+ |1, 1, 1〉)a,b,c︸ ︷︷ ︸
GHZ state
+
1
64
(
2aˆ†0aˆ
†
1bˆ
†
0|vac〉+ bˆ†1cˆ†0cˆ†1|vac〉
)
︸ ︷︷ ︸
noise terms
+ O (s)︸ ︷︷ ︸
more than
2 edges between
ancillary detectors
 (9)
with the normalization N =
√
4096
133 , and |vac〉 standing for the vacuum state. The fidelity is larger than 96%.
This example shows how topological optimization (and restrictions of coefficients to small rational numbers)
helps to understand the conceptual core of the solution. From the solution, we can not only interpret how the
heralded GHZ is generated, but can understand the idea of destructive interference (via adding a negatively
weighted edge), and increasing the flexibility of edge weights by having two subgraphs corresponding to one
term.
More than ten years ago, schemes for heralded GHZ states have been proposed [58, 59], which require
experimentally significantly more resources and have therefore not yet became practical. In particular, the
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 0,0 Va,Vb →  0,0 a,b 
 0,1 Va,Vb →  0,1 a,b  0,2 Va,Vb →  0,2 a,b 
 1,0 Va,Vb →  1,1 a,b  1,1 Va,Vb →  1,2 a,b  1,2 Va,Vb →  1,0 a,b 
FigS. 11. High-dimensional CNOT gate, with a qubit control photon and a qutrit target photon.
3-photon GHZ proposal by Walther et al. [58, 59] requires 12 photons (nine ancillary photons that herald a
GHZ state). The proposal by Niu et al., [59] requires ten photons (seven ancillary photons), but further requires
close to perfectly efficient, photon-number-sensitive detectors for heralding paths, as they need to distinguish
between the arrival of one and two photons. In contrast, our proposal requires only ten photons and non-photon
number resolving detectors – which is feasible in state-of-the-art photonic laboratories.
IV. EXPERIMENTAL 2-QUBIT CNOT
A photonic CNOT transformation was performed by Gasparoni et al.,[67] in 2004, which can be seen in FigS.10.
An ancillary state |ψ+〉 = 1/√2 (|0, 1〉+ |1, 0〉) in paths b and c is combined with the incoming control and target
photons. A simultaneous detection event in detector a and d heralds a successful realization of a CNOT.
The corresponding graphs for the four different cases are seen below. The resulting states correspond to all
subgraphs with one incoming edge in vertex a and one in vertex d (those are heralding detectors), and one edge
from each vertex Va and Vd (those represent the incoming photons). It can be seen that Vd (which corresponds
to the incoming photon from path d, i.e. the target photon) is responsible for the phase of the quantum states.
In that way, it is responsible for the term that is destructively interfered – this is analogous to the situation
presented in the main text.
V. CNOT BEYOND QUBITS
A control operation in a 2 × 3 dimensional space is shown in FigS.11. The subgraph a-f remains constant,
while the edges containing Va and Vb changes depending on the input control/target photons. The correct
transformation is heralded by simultaneous detection of a photon in each of the detectors c-f .
The structure of the subgraph a-f is very reminiscent of the solution of heralded Bell states in Fig.3 of the
main text. Here, each internal mode (represented as edge colour) from a and b is connected to one individual
heralding detector.
Furthermore, the solution uses destructive interference for producing the correct output states, as in Fig.4 of
the main text. Some of the resulting subgraphs (those have one incoming edge to vertex c-f) do not vanish.
Still, they are reduced in magnitude by adapting the edge weights appropriately, in an analogous way, as shown
in FigS.9. Thereby, an experimentally feasible method of performing CNOT transformations beyond qubits is
constructed.
